Summary. Polymorphonuclear leukocytes from patients with chronic granulomatous disease respond to the phagocytosis of latex particles with normal increments in glucose consumption, lactate production, Krebs' cycle activity, and lipid turnover.
Introduction
The study of the metabolic events accompanying phagocytosis of particles by polymorphonuclear leukocytes has been a subject of extensive investigation during the past several years. The most striking changes that occur in metabolism during particle uptake are considerable increases in oxygen consumption (1) (2) (3) (4) and in the amount of glucose metabolized via the hexose monophosphate pathway (4, 5) . There are less conspicuous increases in lactic acid production, glucose con- sumption (3, 4) , and glycogen breakdown (3) during phagocytosis. The incorporation of radioactive precursors into lipid is increased although no net increase in total lipid is observed (6, 7) . There is also a marked increase in formate oxidation after particle uptake, which is thought to reflect an increase in hydrogen peroxide formation (8) .
It has been established that the inhibition of the glycolytic pathway of glucose metabolism by a metabolic inhibitor such as iodoacetate will also inhibit phagocytosis (2) (3) (4) . In contrast, the inhibition of cytochrome-linked respiration, oxidative phosphorylation, or Krebs' cycle activity has no effect on the uptake of particles or the increase in respiration and direct oxidation of glucose that occurs during this process (3, 4, 8) . Glycolysis, therefore, appears to be essential to the process of phagocytosis. However, the cellular function of the increment in direct oxidation of glucose and respiration has not been established.
A chronic fatal granulomatous disease of childhood has been separated from the many granulomatous diseases of childhood and defined as a clinical entity by Berendes et al. (9) and Bridges 1422 et al. (10) . This disease is characterized by apparent sex-linked inheritance, increased frequency of infections, chronic suppurative and granulomatous lymphadenitis, parenchymatous granulomatous infiltrations, and episodes of infected and eczematoid dermatitis. Similar cases and clinical definition of the syndrome have been reported by Landing and Shirkey (11) and Carson et al. (12) .
The neutrophils from patients with this syndrome, have been shown to be defective in ability to kill some species of bacteria. However, their cells have been shown to phagocytize bacteria normally, and both light and electron microscopic studies during phagocytosis have revealed a lack of normal degranulation during particle uptake (13, 14) . It has also been shown that granules from the leukocytes of these patients have normal amounts of acid phosphatase, beta glucuronidase, lysozyme, and phagocytin (14, 15) . All available evidence indicates that the primary defects in these cells are a failure of degranulation and the release of bactericidal and digestive substances into the phagocytic vacuole. Apparently, this process is important in the intracellular killing of some organisms such as Staphylococcus aureus and Paracolon hafnia, whereas some other organisms such as streptococci are killed normally by these cells in spite of the degranulation defect (16) .
The object of our investigation was to examine the metabolic events accompanying the phagocytosis of latex particles by leukocytes from patients with granulomatous disease. We found that these cells failed to show a normal increment in respiration, direct oxidation of glucose, and formate oxidation after the phagocytosis of particles. The results indicate that the increment in oxygen consumption, hexose monophosphate shunt activity, and production of hydrogen peroxide may be linked to normal degranulation after phagocytosis and to normal intracellular bactericidal activity.
Methods
Metabolic studies. In metabolic studies, the white blood cells were separated by sedimentation of heparinized venous blood in a solution of dextran in saline by the method used in the bactericidal studies (13) . Differ into organic acids and amino acids on a Dowex 50 column. Organic acids were identified by silicic acid chromatography and amino acids were identified by chromatography on Dowex 50-X8 (24) (25) (26) .
NADPH and NADH oxidase activity. Leukocytes were disrupted and fractionated by the method of Evans and Karnovsky (27) . All steps in the procedure were performed at 0-5°C. The leukocyte suspension was washed two times in cold saline and the red blood cells lysed by the procedure previously described. The sediment was suspended in 2 ml of alkaline isotonic KCl (0.15 M KCl and 3.2 X 10-' M KHCOs) and disrupted in a glass homogenizer with motor-driven Teflon pestle. The homogenate was centrifuged at 240 g for 5 min and the supernatant decanted. The sediment was rehomogenized in 1 ml of alkaline KCl and centrifuged again at 240 g. The combined supernatants were used as the granule-rich fraction, and a granule-free fraction was obtained by additional centrifugation at 20,000 g for 30 min. NADH and NADPH oxidase assays were performed on one or the other of the two supernatant fractions obtained from the homogenate by centrifugation. Oxygen uptake was measured with a 2.5 or 3.0 ml volume in medium containing 1.5 mm NADH or NADPH in the presence of 1 mm KCN. The protein content of the reaction mixture was estimated using Folin-Ciocalteau reagent (28) .
Results
The effect of particle ingestion on glycolysis, lipid turnover, and Krebs' cycle activity. Glucose consumption and lactate production were measured after 20 min of incubation with or without latex particles using cells eight controls.
from five patients and
The resting and stimulated rates for both glucose consumption and lactate production did not differ significantly when the patient cells were compared with control cells. These results are summarized in Table I .
Little or no breakdown of glycogen due to particle ingestion was detected in either the patient or the control group (Table I) .
The extent of incorporation of phosphate-32P and glucose-14C into lipid of resting and phagocytizing leukocytes is shown in Table II In studies of CO2 fixation, samples from the incubation of cells with and without particles in the presence of sodium bicarbonate-14C were applied to Dowex 1-8X columns. In samples from normal resting leukocytes, the major peak of radioactivity corresponded to the position of elution of lactic acid, acetic acid, glutamic acid, and aspartic acid. The other notable peaks of radioactivity corresponded to alanine and succinic acid.
When the major radioactive peak was separated into organic acids and amino acids on Dowex 50, roughly 60%o of the radioactivity was found in the organic acid fraction. The amino acids were identified on Dowex 50-X8. Aspartic acid comprised about 35%o of the radioactivity and glutamic acid was the major component as determined by relative weights of the peak areas on the chart. The components of the organic acid fraction were identified by silicic acid chromatography. The major component of this fraction was lactic acid, with traces of acetic acid and succinic acid.
Chromatography of samples from normal controls did not reveal a difference in pattern of incorporation of radioactivity due to phagocytosis. However, an increase of from 25-30% in incorporation was found to take place.
Samples from the incubation of leukocytes from patients with chronic granulomatous disease were very similar in pattern of incorporation to samples from normal controls. The increase in radioactivity of samples from phagocytizing leukocytes of patients was of the same order as controls.
In studies of the incorporation of pyruvate-2-14C into Krebs' cycle -intermediates and amino acids, identical results were obtained, although the extent of incorporation was greater.
The effect of particle ingestion on respiration and oxidation of specifically labeled glucose. The extent of increase in oxygen consumption by leukocyte suspensions from patients with chronic granulomatous disease and normal controls incubated in the presence of latex particles is shown in Table III Resting values for 14CO2 production from glucose-6-14C were normal in the patients' cells. There was less stimulation of C-6 oxidation during phagocytosis in the patients' cells. However, because of the low level of C-6 oxidation in normal leukocytes and because of a high blank value for the evolution of "4CO, from the glucose-6-4C used, these data are extremely variable and the only reliable conclusion is that the patients' cells, like the normal cells, have low levels of C-6 oxidation.
In addition, leukocytes from patients did not show the normal increment in 14CO, formation from glucose-3,4-14C during phagocytosis. The stimulation of carbon-14 dioxide formation from glucose-3,4-14C was at least twofold higher in leukocytes from controls than from patients. However, the resting rate of the patients' cells was higher than normal. These results are summarized in Table III .
The effect of particle ingestion on hydrogen peroxide formation. Iyer et al. (8) the hexose monophosphate pathway is limited by the amount of available NADP (34) . It has been shown that pyruvate and methylene blue will stimulate 'C-1 glucose oxidation by oxidizing NADPH (23, 35, 36) . Therefore, the effect of these electron acceptors on glucose-1-14C oxidation in the leukocytes of these patients was studied. As shown in Table IV , both pyruvate and methylene blue stimulated oxidation of C-1 glucose normally in the cells from these patients. These results indicate that the enzymes of the hexose monophosphate pathway are normal and that the limiting factor is a lack of sufficient oxidized NADP.
NADPH and NADH oxidase activities of leukocyte homogenates. The importance of a cyanide insensitive NADPH and/or NADH link to oxygen has been implicated in relation to the respiratory increment due to phagocytosis (8, 37) . The failure of leukocytes from patients with chronic granulomatous disease to show a normal respiratory response or increase in hexose monophosphate shunt activity during phagocytosis suggested the possibility that NADPH or NADH oxidase is lacking or deficient in these cells.
The results of an investigation of the oxidase activity of leukocyte homogenates are shown in Table V . Similar levels of cyanide-insensitive NADPH and NADH oxidase activity were found in the granule fraction (240 g supernatant) of leukocytes from patients as compared to controls.
In one experiment, slight NADH oxidase activity was present in the supernatant from the 20,000 g centrifugation. There was no difference between patient and control. It seems possible that this low level of supernatant NADH oxidase is the result of 'contamination of the fraction by ruptured granules.
Discussion
Leukocytes from patients with chronic granulomatous disease have previously been shown to be defective in their ability to kill certain types of bacteria (13, 14) . Leukocytes from these patients phagocytize bacteria normally, but fail to kill intracellular bacteria apparently because the lysosomal granules do not rupture and empty their contents into the phagocytic vacuole.
The present study of the metabolism of leukocytes from these patients has shown that glucose utilization, lactate production, Krebs' cycle activity, and lipid turnover are all stimulated normally during phagocytosis. However, leukocytes from these patients fail to show a normal stimulation of respiration, hydrogen peroxide production, (4, 8, 38) , and at the same time they have a bactericidal defect (39) . Colchicine treated neutrophils will phagocytize bacteria normally but fail to show normal degranulation (40) and show a bacterial killing defect 2 similar to that seen in cells from granulomatosis patients. Colchicine treated cells also fail to show a stimulation of respiration (40) and HMP activity during phagocytosis.3 Sodium fluoride prevents phagocytosis by blocking glycolysis and at the same time causes intracellular degranulation and stimulation of both respiration and HMP shunt activity (39) .
These results and the results of our studies on leukocytes from patients with chronic granulomatous disease are consistent with a separation of the metabolic events accompanying phagocytosis into two categories: (a) the metabolic events associated with particle uptake, including stimulation of glucose utilization, lactate production, and lipid turnover, and (b) the metabolic events associated with degranulation, including stimulation of respiration, hydrogen peroxide production, and HMP activity.
The metabolic basis for degranulation and subsequent intracellular digestion of particles by leukocytes is unknown. Karnovsky (41) and Rowley (42) Because the respiratory increment seen in normal leukocytes during phagocytosis is not inhibited by 1 mm cyanide, it is important to know if the enzymes believed to be responsible. for the respiratory increment are also cyanide resistant. Cagan's purified NADH oxidase proved to be resistant to cyanide (37) . This criterion has not yet been fulfilled for a purified NADPH oxidase, although the NADPH oxidase activity of the granule fraction has been shown to be partially cyanide resistant (46) as has the NADPH oxidase of Roberts and Quastel (44) .
Although the absence of either NADH or NADPH oxidase activity would explain the metabolic defect in the neutrophils of the granulomatosis patients, we were unable to show any such deficiency. In our studies of leukocyte homogenates containing both the granules and the cytoplasm of the patients' neutrophils, we found cyanide-resistant NADH and NADPH oxidase activity equal to that found in normal cells. In an experiment using a granule-free cytoplasmic fraction, we found small amounts of NADH oxidase activity in normal cells and in the cells from one patient. Although our studies are not extensive enough to rule out the possibility of a deficiency of a cytoplasmic NADH oxidase as the cause of the leukocyte defect, they do nothing to encourage belief in this possibility. Recently, Baehner and Nathan (48) have shown that normal neutrophils reduce tetrazolium dye at a rapid rate during phagocytosis whereas cells from patients with granulomatous disease fail to show significant dye reduction. They also have shown that the HMP of cells from these patients is not stimulated by phagocytosis but is stimulated by methylene blue. They interpret these results as showng a lack of cytoplasmic NADH oxidase activity, an assumption that is not warranted from the data they present, since the method they used gives no indication of either the source of the hydrogen ion or the type of intermediate electron acceptors responsible for the tetrazolium dye reduction in the normal cell. The results of our study do not permit the definition of the precise enzymatic basis of the metabolic derangement of leukocytes from our patients. Windhorst et al. (49, 50) , have recently studied the leukocytes of the members of eight families of children with chronic granulomatous disease. It was demonstrated that the leukocytes of all eight mothers and several sisters were intermediate in bactericidal capacity and tetrazolium reduction between leukocytes of affected boys and controls. This demonstration of female carriers indicates the sex-linked character of chronic granulomatous disease and adds considerable weight to the earlier suggestion that chronic granulomatous disease is inherited in a sex-linked manner (10, 12) . These genetic data are certainly a sound indication that a single enzyme is lacking or deficient in the leukocytes of patients with this disease.
Whatever the enzyme lacking in these children and responsible in normal persons for degranulation and efficient killing of certain microorganisms, it is clear from studies of this strange genetic disorder that the metabolic changes associated with phagocytosis can be separated from the metabolic changes associated with degranulation of neutrophils and the subsequent killing of certain microorganisms. The functional defect and the associated metabolic abnormalities of the neutrophils are probably adequate to account for the increased susceptibility to infections with certain low grade pyogenic pathogens and the development of the disseminated granulomatosis seen in these children.
